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a b s t r a c t
A simple method has been reported to prepare the Pt/g-C3N4 composites with different loading amount 
of Pt nanoparticles (NPs). These Pt/g-C3N4 composites have a better photocatalytic performance than 
pure g-C3N4 offering for water splitting into hydrogen. The Pt NPs are uniformly spread on g-C3N4 
surfaces, with their diameters in the range of 4–8 nm. Loading of Pt NPs can expand the response of 
visible light for g-C3N4 and reduce the recombination rate of photogenerated carriers. Therefore, the 
performance of water splitting into hydrogen via g-C3N4 photocatalysis under sunlight is enhanced 
by using the cocatalyst of Pt. Pt/g-C3N4 (3 wt.% of Pt) shows the highest activity (841 μmol g−1 h−1) 
among the as-prepared samples, while the pure g-C3N4 almost no hydrogen production. This work 
demonstrates that the Pt/g-C3N4 composite is one of potential photocatalysts for hydrogen generation.
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1. Introduction

With the population growth and industry development, 
energy crisis and environmental pollution threaten humans 
[1–3]. Solar energy is a green, renewable, non-polluting and 
abundant energy source [4–10]. Although hydrogen is a clean 
energy which can be generated from photocatalytic splitting 
of water, the power conversion efficiency is lower rather than 
it is in applications [11–15]. Photocatalytic water splitting on 
TiO2 photoelectrode is first reported by Fujishima and Honda 
[16], which opens up a new way to produce hydrogen. Up 
to now, many semiconductor materials, including g-C3N4, 
CdS, TiO2 and CoP, have been developed to be used as 
photocatalysts for H2 production [17–27].

Among the above photocatalysts, g-C3N4 has received 
much attention. It has some unique characteristics, such as 

metal free, non-toxic, simpler synthesis and suitable band 
gap [28–36]. The basic mechanism of g-C3N4 photocatalysis 
is as shown in Fig. 1. For the thermodynamic requirement, 
the location of conduction band (CB) and valence band (VB) 
for g-C3N4 is suitable for reducing water to produce H2, 
because CB bottom g-C3N4 (−1.3 V vs. NHE) is lower than 
the electrode potential (0 V vs. NHE). Unfortunately, its activ-
ity is quite low, due to its low visible light absorption and 
the low recombination efficiency of charge separation. At 
present, various methods have been developed to enhance 
its photocatalytic activity of g-C3N4, which include doping 
ion, heterojunction design, copolymerization, loading noble 
metal, etc. [37–44]. In above methods, loading noble metals, 
including Pt, Ag, Pd or Au, is a very useful way to improve 
the photocatalytic performance of g-C3N4. Particularly, 
Pt enhances photocatalytic activity of H2-generation for 
g-C3N4 since Pt can reduce the over potential as well as acti-
vation energy in the process of H+ reducing to H2. Also Pt 
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can capture electrons from g-C3N4 and increase the charge 
separation efficiency [45–47].

Herein, a facile method is reported to synthesize the 
g-C3N4/Pt composites using for photocatalytic H2-production. 
The g-C3N4 nanosheets are synthesized via polymerization of 
urea and Pt/g-C3N4 composites are prepared through coating 
of Pt nanoparticles (NPs) on g-C3N4 surfaces by a liquid-phase 
reduction method. These prepared Pt/g-C3N4 composites are 
used as photocatalysts, showing an enhanced photocatalytic 
activity for H2-production. Pt/g-C3N4 with 3 wt.% loading 
amount of Pt exhibits the highest photocatalytic activity among 
them. The enhanced photocatalytic performance is because 
loading Pt NPs effectively reduces the recombination of photo-
generated electron–hole (e–-h+) pairs. This research reported a 
facile method for preparing Pt/g-C3N4 composites, which may 
help to develop high activity photocatalysts for H2 generation.

2. Experimental

2.1. Syntheses

The g-C3N4 materials are synthesized through direct 
heating of urea at 500°C with the heating rate of 10°C min−1, 
then maintaining for 5 h. After the reaction, it cooled down 
to ambient temperature naturally. These Pt/g-C3N4 compos-
ites are synthesized via a liquid-phase reduction method. 
0.5 g of g-C3N4 is put into 50 mL of water and ultrasonic 
treated for 5 min. Second, different amounts of H2PtCl6·6H2O 
(1 g L−1) aqueous solution is put into the above solution 
and stirring was maintained. Third, a certain amount of 
NaBH4 was dissolved in 30 mL of water (the molar ratio of 
n(H2PtCl6):n(NaBH4) = 1:5), and then put into the above solu-
tion, stirring for 1 h. Finally, the product is centrifuged and 
washed with absolute ethanol and distilled water, respec-
tively, dried at 70°C for 5 h in vacuum oven. By different 
loading of Pt NPs, various ratio of (m[Pt]:n[g-C3N4] = 1%, 
2%, 3%, 4% and 5%) Pt/g-C3N4 composites are synthesized 
and named as 1%-Pt/g-C3N4, 2%-Pt/g-C3N4, 3%-Pt/g-C3N4, 
4%-Pt/g-C3N4 and 5%-Pt/g-C3N4, respectively.

2.2. Characterization

The crystal phase of the as-synthesized samples is 
investigated by X-ray diffraction (XRD, Bruker D5005 X-ray 

diffractometer, Cu Kα radiation source, λ = 1.54056 Å). 
Fourier transform infrared (FTIR) spectra are recorded on 
a Nicolet Magna 560 spectrophotometer. The morphology 
of samples is observed by high resolution transmission 
electron microscopy (HRTEM, JEOL JEM-2100F, Japan). 
UV–Vis diffuse reflectance spectra are recorded on a 
Shimadzu UV-3100 (Japan) spectrophotometer, with a 
BaSO4 reference standard. X-ray photoelectron spectros-
copy (XPS, PHI Quantum 1600, Japan) measurements are 
conducted to examine the surface chemical composition. 
Photoluminescence (PL) spectra excited at 325 nm are 
recorded on a Varian Cary Eclipse spectrometer.

2.3. Photocatalytic splitting

The photocatalytic H2 production is conducted in a 
100 mL Pyrex flask with closed system. A 350 W Xe lamp 
is used as the simulated sunlight source. 10 mg photocata-
lyst was put into 70 mL water with 10 mL triethanolamine as 
the sacrificial reagent. Before irradiation, the above reaction 
solution is aerated by using N2 for 30 min to remove the 
dissolved oxygen. Under irradiation, the reaction solution is 
undertaken continuous stirring to keep photocatalysts effec-
tive suspension. The generation of H2 is analyzed by using a 
Shimadzu GC-14C gas chromatograph.

2.4. Photoelectrochemical test

The transient photocurrent is investigated on a CHI660D 
electrochemical work station using a standard three-electrode 
system. 5 mg g-C3N4 or Pt/g-C3N4 is dispersed in 1 mL ethanol 
to get slurry. The working electrode is prepared by putting 
the obtained slurry on the ITO glass substrate (2 cm × 4 cm). 
A Pt wire is used as the counter electrode, and a calomel 
electrode as the reference. The electrolyte is 0.1 M aqueous 
Na2SO4 solution. The electrochemical impedance spectros-
copy (EIS) Nyquist plots are obtained with an amplitude of 
5 mV in the frequency range from 105 to 1 Hz at an open 
potential.

3. Results and discussion

3.1. XRD

Fig. 2 shows the XRD patterns of as-prepared samples. 
All the samples have two peaks at 13.1° and 27.5°, which 
are assigned to (100) and (002) of g-C3N4 (JCPDS 87-1526) 
[48]. The relative intensity of peak at 27.5° is weaker with 
increasing the loading amount of Pt on g-C3N4. No obvi-
ous reflection related to Pt is found due to the low amount 
and the high dilution effect of Pt NPs on the surface of 
g-C3N4 [49].

3.2. FTIR

The FTIR spectra of pure g-C3N4 nanosheets and 
Pt/g-C3N4 composites are as shown in Fig. 3. The peak at 
1,639 cm−1 belongs to the skeletal aromatic vibration C–N. 
The peaks at 1,249, 1,319 and 1,433 cm−1 are associated with 
the C–N stretching vibration [50]. The peak at 804 cm−1 rep-
resents the typical breathing mode of the triazine units [51]. 

 
Fig. 1. Basic photocatalytic mechanism of g-C3N4. Ehv is the 
irradiated photon energy, R is the electron acceptor and D is the 
electron donor.



K. Qi et al. / Desalination and Water Treatment 154 (2019) 312–319314

The broad peak at 3,255 cm−1 is attributed to the residual N–H 
groups [52]. It is found that there are no obvious changes for 
the characteristic FTIR peaks, meaning that the overall orig-
inal structure of g-C3N4 is not changed by Pt NPs loading. It 
means that the Pt NPs are just adsorbed on g-C3N4 surfaces, 
agreeing well with the XRD result.

3.3. UV–Vis DRS

The UV–DRS measurement is used to study the optical 
adsorption property and the band structure of the as-prepared 
samples (Fig. 4). The pure g-C3N4 nanosheet shows a light 
absorption edge at 440 nm, which is consistent to its intrin-
sic band gap of bulk g-C3N4 [53]. The Pt/g-C3N4 composite 
exhibits a similar light absorption range compared with that 
pure g-C3N4, but the visible light adsorption is enhanced with 
increasing amount of Pt loading. The background absorp-
tion is enhanced with Pt loading amount increasing in the 
visible light region, because of the localized surface plasmon 
resonance effect [54].

3.4. XPS

The surface chemical composition of Pt/g-C3N4 is studied 
by XPS, here 3%-Pt/g-C3N4 is selected for investigation. From 
the survey spectra of the both samples, the elements of C, O 
and N are observed, Pt is observed in 3%-Pt/g-C3N4 (Fig. 5a). 
The peaks at 284.6 and 288.0 eV are assigned to C 1s (Fig. 5b). 
The peaks at 284.6 and 288.0 eV are assigned to sp2-hybrid-
ized carbon and carbon from N–C=N2 coordination, respec-
tively [55]. The N 1s peaks at 398.7, 399.8 and 401.0 eV are 
ascribed to sp2-hybridized nitrogen of C–N–C, tertiary 
nitrogen of N–(C)3 and amino functional C–N–H, respec-
tively [48]. The peaks at 398.9, 400.1 and 401.2 eV for N 1s in 
pure g-C3N4 slightly moved to higher binding energies after 
Pt loading, as shown in Fig. 5c. The delocalized pi bond in 
g-C3N4 induce g-C3N4 has high electron density, which induce 
g-C3N4 can provide lone electron pairs and electrons transfer 
to d orbitals of Pt. Compared with pure g-C3N4, the shift in 
binding energy is observed in Pt/g-C3N4, indicating that Pt 
bonds with g-C3N4 strongly. For the Pt 4f XPS spectra (Fig. 
5d), the two peaks are located at 71.11 and 74.30 eV, which 
are indexed as Pt 4f7/2 and Pt 4f5/2, respectively, indicating 
that Pt on g-C3N4 [54]. The splitting value is 3.19 eV between 
the two peaks, which also support the existence of metallic Pt 
[56]. The XPS result confirms the presence of Pt NPs on the 
surface of g-C3N4.

3.5. TEM

The TEM measurement is used to study the morphol-
ogy of pure g-C3N4 and 3%-Pt/g-C3N4 samples. The TEM 
image of 3%-Pt/g-C3N4 (Fig. 6a) shows that Pt NPs are 
observed as black dots and dispersed on the g-C3N4 surface 
uniformly. The size of Pt NPs is in range from 4 to 8 nm, 
indicating that the Pt NPs are Pt clusters [57]. The HRTEM 
image demonstrates that the Pt NPs strongly bind to g-C3N4 
(Fig. 6b), and the interplanar distance of Pt is 0.215 nm, 
which is assigned to the Pt (111) plane. The above TEM anal-
ysis confirms that these Pt NPs uniformly adsorb on g-C3N4 
surface.

Fig. 2. XRD patterns of pure g-C3N4 and Pt/g-C3N4 samples.

Fig. 3. FTIR spectra of pure g-C3N4 and Pt/g-C3N4 samples.

 

Fig. 4. UV–Vis DRS of pure g-C3N4 and Pt/g-C3N4 samples.
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3.6. Photocatalytic performance

The photocatalytic activity of Pt/g-C3N4 composites is 
studied by photocatalytic H2-generation (Fig. 7). The pho-
tocatalytic H2-generation rate is very low for pure g-C3N4, 
almost no hydrogen production. After modification by Pt, the 
rate of hydrogen production is enhanced for g-C3N4. When 
Pt loading amounts is up to 3 wt.%, 3%-Pt/g-C3N4 shows the 
best photocatalytic performance of water splitting for hydro-
gen production (841 μmol g−1 h−1) among these as-prepared 
samples. When the loading amount of Pt increases to 5 wt.%, 
the hydrogen evolution rate is declined to 665 μmol g–1 h–1. 
This excessive loading of Pt causes a weaker photocatalytic 

activity, which is due to the excess Pt clusters working as 
recombination centers, or the active site is covered. A sim-
ilar phenomenon was observed in photocatalytic reduction 
of CO2 to produce CH4 over Pt/g-C3N4 [58]. Thus, loading 
appropriate amount of Pt NPs on the g-C3N4 surface is a 
key point to ensure the high photocatalytic activity for 
H2-generation.

3.7. Hydroxyl radical generation

The reaction of terephthalic acid (TA) to 2-hydroxy-
terephthalic acid (TAOH) is an useful method to study the 
efficiency of hydroxyl radical (•OH) generation [59]. In this 

  

   

(a) (b)

(c) (d)

Fig. 5. XPS spectra of 3%-Pt/g-C3N4 composites: (a) survey XPS spectrum; high resolution of (b) C1s spectra; (c) N1s spectrum and 
(d) Pt 4f spectrum.

   

(a) (b)

Fig. 6. TEM (a) and HRTEM (b) images of 3%-Pt/g-C3N4.
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work, the reaction solution is made up of 3 mmol L–1 TA and 
10 mmol L–1 NaOH. Under irradiation, TA can react with •OH 
and form TAOH, TAOH can generate fluorescence at an emis-
sion band at λmax = 425 nm by excited light of λexc = 315 nm. TA 
to TAOH is tested to check the efficiency of •OH generation 
between pure g-C3N4 and 3%-Pt/g-C3N4, meaning to check 
the h+ generation rate. It is known that •OH generation from 
h+ react with OH−. With simulated sunlight irradiation, the 
TAOH concentration is monitored within 30 min, every 5 min 
one sample is taken (Fig. 8). Comparing with that of pure 
g-C3N4, 3%-Pt/g-C3N4 demonstrates a higher generation rate 
of •OH, due to loading of Pt NPs on the g-C3N4 surface pro-
motes the separation efficiency of photogenerated e–-h+ pairs.

3.8. PL spectra

The excess energy of excited electrons can be released 
by three ways: emitted as PL, photogenerated e−-h+ 
recombination, and thermal energy dissipation. Thus, PL 
measurement is carried out to study the separation effi-
ciency of photogenerated e−-h+ pairs. Fig. 9 illustrates that all 

the samples present an emission peak at ca. 460 nm. After 
loading of Pt NPs, the PL intensity of g-C3N4 reduces clearly. 
The weaker peak intensity of PL results in the relay effect 
of the cocatalyst Pt for the excited electrons, which dimin-
ishes the recombination rate of photogenerated carriers [49]. 
This improved separation of e− and h+

 pairs can speed up 
the water splitting process. Thus, the Pt/g-C3N4 composites 
have a potential to be used as photocatalysts with high activ-
ity. However, over loading of Pt on g-C3N4, for example, 
5%-Pt/g-C3N4, the PL intensity is increasing and stronger 
than that of 3%-Pt/g-C3N4, which indicates an increasing 
combination of photogenerated carriers [54]. Thus the suit-
able content of loading Pt NPs is a key point on improving 
the photocatalytic performance of g-C3N4.

3.9. Photoelectrochemical property

The photogenerated e−-h+ separation efficiency of pho-
tocatalysts is investigated under simulated sunlight irra-
diation by the photoelectrochemical measurements. The 
photocurrent disappeared when the light was turned off, 
and restarted when the light was turned on (Fig. 10a). The 

   

(a) (b)

Fig. 7. (a) Plots of photocatalytic H2-generation amount simulated sunlight irradiation time and (b) comparison of hydrogen 
evolution rate for different loading amount of Pt on g-C3N4 photocatalysts.

Fig. 8. TA react with •OH to TAOH generation by simulated solar 
irradiation.

Fig. 9. PL spectra of pure g-C3N4, 3%-Pt/g-C3N4 and 5%-Pt/g-C3N4 
samples.
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3%-Pt/g-C3N4 samples show a little decrease for the repro-
ducible photocurrent responses during the four turn off and 
turn on of the light. The photocurrent density of 3%-Pt/g-
C3N4 with 0.7–1.2 μA cm–2 is stronger than that of pure g-C3N4 
with ~0.1 μA cm–2, which is due to the higher separation rate 
of photogenerated carriers in Pt/g-C3N4. This more efficient 
separation of photoinduced e−/h+ pairs in Pt/g-C3N4 is consis-
tent with its higher H2-evolution rate.

In order to further study the charge separation, the EIS 
Nyquist plots is used, as shown in Fig. 10b. The previous 
report suggested that the smaller arc radius of EIS Nyquist 
plots, the higher charge-transfer rate [60]. The radius on 
the EIS Nyquist plot of 3%-Pt/g-C3N4 is smaller than that of 
pure g-C3N4, indicating that Pt modification could reduce 
the charge recombination and promote the photogenerated 
e−-h+ separation in g-C3N4, agreeing well with PL spectra and 
H2-generation data.

3.10. Photocatalytic mechanism of water splitting

Fig. 11 shows a proposed mechanism of Pt/g-C3N4 
during the photocatalytic H2-generation. When Pt/g-C3N4 
is under simulated sunlight irradiation, electrons can be 
excited to g-C3N4 CB, and holes leave at VB. The CB edge 
of g-C3N4 (−3.08 eV vs. vacuum) is higher that Fermi level of 

Pt (−5.1 eV vs. vacuum) [61]. Thus, the excited electrons on 
the g-C3N4 CB will surmount the Schottky barrier and escape 
to the Fermi energy level (Ff) of Pt, causing the increase sep-
aration of e−-h+ pairs. The coordination of bands between 
g-C3N4 and Pt will increase the conductivity of g-C3N4, and 
enhance electrons escape from g-C3N4 to Pt. In this pro-
cess, the electrons transfer from the g-C3N4 to Pt contribute 
to the Pt Fermi level shifts to the more negative potential 
[62]. Thus, Pt owes a lower activation potential and higher 
electron density, which provides more opportunities to join 
the reaction of H+ to H2. With increasing the loading amount 
of Pt from 0 to 3 wt.%, the face touching surface area between 
g-C3N4 and Pt NPs is also increasing, which can speed up 
the electron transformation and speed up the separation rate 
of e−-h+ pairs. However, too much loading amount of Pt NPs 
will contribute to an increased Schottky barrier, which can 
increase e−-h+ recombination rate.

4. Conclusions

Pt/g-C3N4 composites are successfully prepared in this 
work by using a simple liquid-phase reduction method. 
These Pt NPs uniformly adsorb on the surface of g-C3N4, 
with the size of 8–10 nm. After Pt loading, the Pt/g-C3N4 com-
posites expand the visible light response and have enhanced 
photocatalytic H2 generation under sunlight irradiation, 
especially for 3 wt Pt % loading, had the highest catalytic 
rate of H2 generation (841 μmol g–1 h–1), however, almost no 
hydrogen generation for pure g-C3N4. The photocatalytic 
activity of g-C3N4 is remarkably enhanced after Pt loading, 
because it enhances the visible-light response and suppresses 
the recombination of e−-h+ pairs. This work indicates that the 
Pt/g-C3N4 composite is one of promising photocatalysts for 
hydrogen production.
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